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Rapid pyrolysis of biomass, wood and agricultural residues was studied using a free-fall reactor with which the 
effects of heating rate, temperature, particle size and residence time on the product distribution, gas 
composition and char reactivity could be determined. Interest was focused on the effect of the rapid pyrolysis 
conditions on the reactivity of the char. Formation of low yields of char with high reactivity is desirable in both 
gasification and combustion. The reactivity of char obtained in pyrolysis of biomass is very strongly influenced 
by the treatment conditions and may be significantly increased by using high heating rates, small particle size 
of the fuel and short residence time at higher temperature. Copyright © 1996 Elsevier Science Ltd. 
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Renewable biomass fuels are a feasible alternative to 
fossil fuels for heat and energy supply. Utilization of 
biomass residues is an attractive option in the efforts to 
develop fuel processes which do not contribute to the 
greenhouse effect. There are two main reasons for the 
recent interest in using biomass for energy: the net 
contribution of carbon dioxide to atmospheric pollution 
is considered to be nil, and cheap forest and agricultural 
residues are widely available in many world areas. 

The present paper deals with rapid pyrolysis of 
biomass in a free-fall reactor. Interest is focused on the 
yield and the reactivity of the char obtained in the 
pyrolysis. Rapid pyrolysis at high temperature plays an 
important role as a first step in combustion and 
gasification. It is well known that the pyrolysis condi¬ 
tions strongly determine the yield of char and its 
reactivity in combustion and gasification 1,2 . In both 
combustion and gasification, a low char yield (volatiliza¬ 
tion of the major part of the fuel) and a high char 
reactivity are important for the capacity of the reactors. 
Better understanding of the effect of the treatment 
conditions, such as temperature, heating rate, residence 
time and particle size, on both the primary pyrolysis and 
the secondary reactions is needed in order to develop 
combustion and gasification models that can predict 
yields, compositions and rates of formation of products. 

EXPERIMENTAL 
Raw materials 

The chemical composition of the fuels used in the 
pyrolysis is shown in Table 1. The biomass samples 
selected for the study included wood and agricultural 
residues. Two types of wood, birch (Betula pubescens ) 
and white quebracho (Aspidosperma quebracho), and 


three types of agricultural residues (straw pellets, bagasse 
and sugar cane agricultural residue, SCAR) were used. 
Bagasse is mostly composed of the fibrous residue that 
remains after the milling of sugar cane. Sugar cane 
agricultural residue (SCAR) is composed of sugar cane 
leaves. 

A single sample of coal (Daw Mill) was also used as a 
raw material for comparison with the biomass. 

Equipment 

Rapid pyrolysis was conducted in a free-fall reactor 
with a maximum operating pressure of 5.0 MPa and a 
maximum operating temperature of 1100°C. A 1 kgh” 1 
screw feeder was situated above the reactor. The heating 
rates of the particles in the reactor were selected to be of 
the same magnitude as those obtained in fluidized bed 
reactors 3 . The free-fall tubular reactor had a heated 
length of 2.9 m and an i.d. of 40 mm. The reactor tube 
was heated by eight independent electrical heaters. The 
carrier gas was preheated before it entered the reactor. 

Procedure 

The solid fuels were milled, sieved and pneumatically 
classified to obtain fractions of uniform particle size. For 
every run, the heated length of the reactor was selected so 
that the residence time was at least long enough for 
almost complete pyrolysis of the fuel. Rapid pyrolysis 
took place when the biomass particles passed through 
the hot zone of the free-fall reactor. The char was 
collected in a char receiver. The volatiles passed through 
a metallic filter to remove char particles, dust and soot. 
The volatiles were further cooled in a water-cooled 
condenser, where the tar water was condensed. The 
remaining aerosol was removed in dry-ice traps and a 
cotton filter. The gas composition was analysed by an 
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Table 1 Raw materials used for pyrolysis 




Wood 


Agricultural residues 


Coal 

Birch 

White quebracho 

Straw pellets 

Bagasse 

SCAR 

(Daw Mill) 

C (wt% daf) 

48.4 

50.7 

47.0 

47.2 

43.8 

78.7 

H (wt% daf) 

5.6 

6.3 

6.2 

6.2 

5.8 

5.3 

N (wt% daf) 

0.2 

0.65 

1.0 

0.4 

0.4 

1.2 

O (wt% daf) (diflf.) 

45.8 

42.4 

45.8 

46.2 

50.0 

14.8 

Ash (wt% db) 

0.3 

0.75 

4.6 

1.2 

6.8 

7.0 

Moisture (wt%) 

5.0 

7.2 

7.4 

5.1 

6.8 

2.0 


on-line programmed gas chromatograph, which took a 
sample every 9 min. The concentrations of C0 2 , H 2 , CO, 
N 2 , CH 4 , C 2 -C 5 hydrocarbons and aromatic hydro¬ 
carbons (benzene and toluene) were determined. 

The char from the rapid pyrolysis was further treated 
in a thermobalance with slow heating (20 K. min -1 ) in 
nitrogen to 850°C. The heating was continued to 
constant weight of the char to achieve final pyrolysis. 

The reactivity of the char in gasification was deter¬ 
mined by reaction with steam in the same thermoba¬ 
lance. The reactivity was calculated as the rate of weight 
loss of the char during the reaction between 10 and 
50 wt% conversion. For the char from coal, the reactivity 
was determined at 850°C because such char is much less 
reactive than char from biomass. 

The yield of tar was calculated from the total weight of 
the tar collected in the water-cooled condenser, the dry- 
ice traps and the cotton filter after the tar liquor had been 
evaporated. The yield of gas was determined after the 
condensable part of the volatiles had been removed. 

The yield of char was calculated from the ash yields of 
the char and biomass: 

Char yield (wt% daf) - ~ x 100 

1 — a b /100 

where a h is wt% ash in the dry biomass and a c is wt% ash 
in the dry char. The yield of char from coal was 
determined directly as total weight of the material from 
the char receiver, material from the walls and the filter. 

The balance to 100wt% was tar liquor plus losses. 

Residence time of the particles 

The residence time of the particles and the gas in the 
free-fall reactor was varied by changing the number of 
electrical heaters used around the reactor. Thus an 
increase in the residence time of the particles was 
accompanied by an increase in the residence time of the 


gas in the reactor. The residence time of the particles was 
calculated using a computer program described by 
Nilsson 4 . Part of the model is based on the work of Pyle 
and Zaror 5 . The shrinkage and change in density of the 
particles in the process were considered in the calculation. 

RESULTS AND DISCUSSION 

Effect of heating rate on yield and reactivity of char 

Table 2 compares the yield and reactivity in steam 
gasification reaction of char produced by slow and rapid 
pyrolysis of different biomass samples. A single result 
obtained with coal is also presented. As expected, rapid 
heating resulted in less char formation than that obtained 
in slow heating. Heating rate has a much greater effect on 
the pyrolysis of biomass than on that of coal. 

Table 2 also shows that chars produced by rapid 
pyrolysis are more reactive in gasification than those 
produced by slow pyrolysis. The quick devolatilization 
of the fuel in rapid pyrolysis favours the formation of 
char with high porosity and high reactivity. The apparent 
density of the char from birch measured by water 
displacement was 750 kg m -3 for slow pyrolysis and 
250 kg m -3 for rapid pyrolysis. 

The data in Table 2 are affected by the inevitable 
differences in the experimental conditions of slow 
pyrolysis in the thermobalance and rapid pyrolysis in 
the free-fall reactor. The slow removal of the volatiles 
from the bed of the fuel particles in the thermobalance 
facilitates secondary pyrolysis reactions between the 
volatiles and the char, which favours the formation of 
char. In the free-fall reactor, on the contrary, the removal 
of volatiles from the solids is facilitated because the fuel 
moves as a stream of individual particles. Hence 
secondary pyrolysis is limited. Though the conditions 
in the free-fall reactor and the thermobalance are thus 
not completely comparable, the large differences in the 


Table 2 Yield and reactivity of char produced by slow and rapid pyrolysis 




Wood 

Agricultural residues 

Coal 


Birch 

White quebracho 

Straw pellets 

Bagasse 

(Daw Mill) 

Yield after slow pyrolysis 
(wt% daf) 

15.0 

20.0 

16.0 

10.0 

67.0 

Reactivity at 750°C (wt% min -1 ) 

1.3 

0.6 

2.3 

1.0 

0.7° 

Yield after fast pyrolysis 
(wt% daf) 

5.5 

8.2 

11.0 

4.3 

57.1 

Reactivity at 750°C (wt% min -1 ) 

3.1 

2.0 

3.7 

1.6 

1.3“ 


“ Reactivity at 850°C 
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results may be attributed mostly to the difference in 
heating rate. 

The stronger effect of the heating rate on the 
formation of char from biomass than from coal may be 
attributed to the high cellulose content of the biomass. It 
is known that heating rate has a significant effect on the 
pyrolysis of cellulose. The dehydration of cellulose to a 
more stable anhydrocellulose, which gives higher char 
yield, is the dominant reaction at temperatures <300°C 6 . 
At temperatures >300°C, cellulose depolymerizes, 
producing volatiles. If the heating rate is very high, 
the residence time of the biomass at temperatures 
<300°C is insignificant. Thus a high heating rate 
provides a shorter time for the dehydration 
reactions and the formation of less reactive anhydro¬ 
cellulose, which gives higher yield of char. The result is 
that the rapid heating of the fuel favours the depoly¬ 
merization of cellulose and the formation of volatiles 
and suppresses the dehydration to anhydrocellulose 
and char formation 7 ' 8 . Hence the effect of heating rate 
is stronger in the pyrolysis of biomass than in that of 
coal. 

Effect of fuel type 

The results in Table 3 show the effect of the 
composition of the fuel on the yields of pyrolysis 
products. Compared with coal, the biomass samples 
produced much larger amounts of volatile fractions and 


lower yields of char even though, due to the difference in 
reactivity of biomass and coal, the biomass samples were 
pyrolysed at lower temperatures. 

Biomass also produced char which is more reactive to 
steam. 

Owing to the intrinsic properties of the biomass 
samples used, the particle sizes and residence times for 
some of the experiments represented in Table 3 were not 
the same. However, it has been shown that changes in 
these variables within the limits for the experiments have 
relatively little effect on the distribution of products 
obtained in pyrolysis 9 . The differences due to the effect of 
the nature of the fuel are much stronger. However, it is 
shown below that some of the above-mentioned variables 
may have an effect on the reactivity of char in gasification. 

The chemical composition of the biomass samples 
influenced the distribution of the pyrolysis products. The 
difference in the distribution of products from the wood 
samples (birch and white quebracho) seems to be in good 
accord with the difference in the chemical composition of 
these two samples. Higher yields of char are favoured by 
high carbon content, low oxygen content, low H/C ratio 
and high content of coke-forming components, such as 
lignin, in the fuel subjected to pyrolysis 10 ' 12 . Compar¬ 
ison of the data for the birch and quebracho in Table 3 
shows that the higher yield of char obtained from white 
quebracho may be explained by the chemical composi¬ 
tion of the organic material in these samples. The low ash 


Table 3 Effect of the raw material on yield and properties of products obtained in rapid pyrolysis 




Wood 


Agricultural residues 


Coal 


Birch 

White quebracho 

Straw pellets 

Bagasse 

SCAR 

(Daw Mill) 

Carbon content (wt% daf) 

48.4 

50.7 

47.0 

47.2 

43.8 

78.7 

Oxygen content (wt% daf) 

45.8 

42.4 

45.8 

46.2 

50.0 

14.8 

H/C ratio 

0.12 

0.12 

0.13 

0.13 

0.13 

0.07 

Lignin content (wt% daf) 

24 

35 

25 

24 

27 

n.d.“ 

Ash (wt% db) 

0.3 

0.75 

4.6 

1.2 

6.8 

7.0 

Rapid pyrolysis 

Particle size (mm) 

0.7- 

1.0 0.7-0.8 

0.5-0.9 

0.5-0.9 

0.5-0.9 

0.6-0.8 

Temperature (°C) 

800 

800 

800 

850 

850 

1000 

Particle residence time (s) 

1.4 

1.4 

1.4 

3.4 

3.4 

1.0 

Gas yield (wt% daf) 

71.2 

66.9 

56.2 

72.6 

61.0 

26.1 

Tar yield (wt% daf) 

1.1 

1.3 

1.0 

0.4 

0.8 

0.5 

Char yield (wt% daf) 

7.2 

10.4 

16.6 

5.0 

11.4 

62.0 

Reactivity at 750°C (wt% min* 1 ) 

3.1 

2.0 

3.7 

1.6 

0.7 

1.3'’ 

Final slow pyrolysis 

Char yield after total pyrolysis 
(wt% daf) 

5.5 

8.2 

11.0 

4.3 

9.8 

57.1 

Fraction of char removed by slow 
pyrolysis (% daf) 

23.6 

21.1 

33.6 

13.7 

13.7 

7.9 

Composition of gaseous products (vol. % db) 
Hi 16.8 

16.2 

13.2 

15.7 

12.7 

52.2 

ch 4 

16.2 

17.5 

18.2 

12.0 

14.5 

19.9 

c 2 h 2 , c 2 h 4 

6.2 

5.3 

6.3 

4.8 

5.9 

1.3 

c 2 h 6 

0.3 

0.3 

0.6 

0.2 

0.2 

0.1 

Benzene 

1.2 

1.6 

1.4 

1.6 

1.0 

0.6 

Toluene 

0.2 

0.4 

0.3 

0.3 

0.3 

n.d“ 

co 2 

8.3 

9.0 

13.6 

9.0 

12.4 

4.6 

CO 

50.7 

49.7 

46.3 

56.2 

53.0 

21.3 


“ Not determined 
h Reactivity at 850°C 
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Table 4 Effect of temperature on yield and properties of products obtained in rapid pyrolysis 

Mixture of 90% birch 

Birch and 10% aspen 


Rapid pyrolysis 


Particle size (mm) 

0.7-1.0 

O 

1 

o 

0.5-0.7 

0.5-0.7 

Temperature (°C) 

800 

1000 

750 

900 

Particle residence time(s) 

1.4 

1.4 

1.6 

1.7 

Gas yield (wt% daf) 

71.2 

83.0 

73.0 

81.1 

Tar yield (wt% daf) 

1.1 

0.2 

1.2 

1.1 

Char yield (wt% daf) 

7.2 

5.6 

7.2 

5.9 

Reactivity at 750°C (wt% min -1 ) 

3.1 

4.7 

2.7 

3.0 

Final slow pyrolysis 

Char yield after total pyrolysis (wt% daf) 

5.5 

4.95 

5.5 

4.4 

Fraction of char removed by slow pyrolysis (% daf) 

23.6 

11.6 

23.9 

24.6 

Composition of gaseous products (vol.% db) 

h 2 

16.8 

34.0 

13.4 

21.0 

ch 4 

16.2 

11.7 

16.8 

16.0 

c 2 h 2 ,c 2 h 4 

6.2 

0.5 

6.2 

4.4 

C 2 H 6 

0.3 

n.d.“ 

1.5 

0.2 

Benzene 

1.2 

0.6 

0.4 

0.4 

Toluene 

0.2 

n.d. a 

0.1 

n.d. 8 

O 

O 

8.3 

7.5 

9.4 

8.2 

CO 

50.7 

45.7 

51.8 

49.8 


8 Not detected 


of the wood samples studied facilitates prediction of the 
distribution of products from the composition of the 
organic matter in the fuel. 

The distribution of pyrolysis products obtained from 
the agricultural residues (straw pellets, bagasse and 
SCAR) is more difficult to predict from the chemical 
composition of the organic matter, due to the high 
content of inorganic matter in some of these samples. 

The reactivities of the agricultural residues studied are 
lower than those of the wood samples. The higher yield 
of solid residue obtained in pyrolysis of straw pellets may 
be explained by the negative effect of the pelletization on 
the reactivity. Untreated straw gives more volatiles than 
straw pellets 9 . 

Though the treatment temperature for bagasse and 
SCAR was somewhat higher than that for the wood 
samples (850 instead of 800°C), the distribution of 
products from bagasse is comparable with that from 
wood, while the devolatilization of the SCAR is even 
lower. The high ash of the agricultural residues may have 
a significant effect on the pyrolysis results. The longer 
residence time for bagasse and SCAR may also have a 
negative effect on the reactivity. 

The higher content of hydrogen in the gaseous product 
obtained from coal may be explained by the more intense 
cracking reactions of the tar and the hydrocarbons in the 
gas phase at the higher temperature of pyrolysis. 

Effect of pyrolysis temperature 

Table 4 shows the effect of temperature on yield of 
products obtained in rapid pyrolysis of wood (birch and 
a mixture of 90wt% birch and 10wt% aspen). For both 
samples the higher treatment temperature resulted in 
lower yields of char and tar and higher yields of gaseous 
products. The temperature markedly influences the 
heating rate. The heat flux is proportional to the driving 
force, the temperature difference between the particle 
and the environment. At higher temperature, the heat 


flux and the heating rate are higher. The higher heating 
rate results in decreased char yield. This result is in 
accord with previous results obtained for rapid pyrolysis 
of biomass, which showed that the char yield remains 
constant above a certain treatment temperature 7,8,13 ' 14 . It 
seems that for a certain biomass (certain thermal 
conductivity) and for a certain particle size, a high 
enough heating rate is reached at a certain temperature. 
Further increase of heating rate because of an additional 
increase of temperature does not affect the char yield. 

The char samples obtained by rapid pyrolysis at higher 
temperatures are more reactive in steam gasification than 
those obtained at lower pyrolysis temperatures. This 
result is of practical interest for utilization of biomass as 
a raw material for gasification. 

Higher pyrolysis temperatures affect the composition 
of the gaseous product. A higher temperature caused 
cracking of tar and of the hydrocarbons in the gaseous 
phase and thus it increased the total yield of gas and the 
proportion of hydrogen. 

Influence of particle size 

Table 5 shows the effect of biomass particle size on the 
pyrolysis. The results follow the trends described by 
Chan et al. 15 . 

The reactivity of char is higher when smaller fuel particles 
are subjected to pyrolysis, a point that is of interest for the 
utilization of biomass for gasification and combustion. 

An increase in particle diameter from 0.5-0.7 to 0.7- 
1.0 mm for birch at 800°C increases the solid residue 
from 4.6 to 5.5 wt% after total pyrolysis, i.e. a ~20% 
increase in amount of char. 

In Table 5 the difference in the particle size of the 
biomass from white quebracho is too small to influence 
significantly the pyrolysis results. Though the trend in 
the results obtained with white quebracho is in agree¬ 
ment with that for birch, these two experiments illustrate 
the reproducibility of the experimental results rather 
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Table 5 Effect of particle size of fuel on rapid pyrolysis 

Birch White quebracho 


Rapid pyrolysis 


Particle size (mm) 

0.5-0,7 

0.7-1.0 

0.7-1.0 

1.0-1.3 

0.6-0.7 

0.7-0.8 

Temperature (°C) 

800 

800 

1000 

1000 

800 

800 

Gas yield (wt% daf) 

72.2 

71.2 

83.0 

78.4 

67.7 

66.9 

Tar yield (wt% daf) 

1.1 

1.1 

0.2 

0.4 

1.3 

1.3 

Char yield (wt% daf) 

5.8 

7.2 

5.6 

6.8 

9.7 

10.4 

Reactivity at 750°C (wt% min' 1 ) 

Final slow pyrolysis 

3.2 

3.1 

4.7 

3.6 

2.0 

2.0 

Char yield after total pyrolysis (wt% daf) 

4.6 

5.5 

5.0 

5.9 

7.9 

8.2 


than the effect of the experimental conditions on the 
pyrolysis. 

The effect of particle size on the char yield is most 
pronounced for fuels with low char yield. In pyrolysis 
of coal, with a higher yield of char, this effect is less 
pronounced. In rapid pyrolysis of coal at 1000°C an 
increase in particle size of the fuel from 0.3-0.6 to 0.6- 
0.8 mm increased the amount of char by only 4-5% 9 . 

Under the experimental conditions used, the composi¬ 
tion of the pyrolysis gas (not shown in the table) was not 
significantly influenced by the change in the particle size. 

Influence of residence time 

The residence time affects the yield and the properties 
of the pyrolysis products. The yields of pyrolysis 
products obtained at different residence times of the 
wood particles (0.5-0.7 mm of a mixture of 10wt% 
aspen and 90 wt°/o birch) in the free fall-reactor are given 
in Table 6. The moisture content of the biomass was 
7.8 wt% and the ash of the dry wood was 0.42 wt%. 

In the range of experimental conditions studied, 


residence time had a limited effect on the yield of 
pyrolysis products. As regards the yield of char at 900°C, 
longer residence time at 900°C favours the secondary 
pyrolysis reactions which result in higher yields of char 
and also influences the composition of the gaseous 
products. 

A longer residence time in rapid pyrolysis results in the 
formation of char of lower reactivity. This may be seen 
both in the gasification tests and in the tests on final 
pyrolysis of the char. The reactivity of the char in steam 
gasification increased when the residence time in rapid 
pyrolysis decreased. 

The char obtained at longer residence time in rapid 
pyrolysis also appears to be more stable in final slow 
pyrolysis using the thermobalance. The longer the 
residence time in the rapid pyrolysis, the lower the 
fraction of the volatiles obtained in final slow pyrolysis 
in the thermobalance. 

Final pyrolysis 

The results in Tables 3-6 show that the char obtained 


Table 6 Effect of residence time on rapid pyrolysis of wood 


Temperature (°C) 


750 



900 


Particle residence time (s) 

1.0 

1.6 

2.7 

0.6 

0.8 

1.7 

Pressure (kPa) 

280 

270 

300 

260 

270 

270 

Heated tube length (cm) 

134 

196 

258 

78 

106 

196 

Gas yield (wt% daf) 

73.2 

73.0 

73.5 

81.6 

81.3 

81.1 

Tar yield (wt% daf) 

1.7 

1.2 

1.1 

1.2 

1.1 

1.1 

Char yield (wt% daf) 

7.2 

7.2 

7.2 

5.2 

5.5 

5.9 

Reactivity at 750°C (wt% min' 1 ) 

4.1 

2.7 

2.3 

5.0 

4.2 

3.0 

Char yield after total pyrolysis (wt% daf) 

5.1 

5.5 

5.8 

3.6 

3.8 

4.4 

Fraction of char removed by slow pyrolysis (% daf) 

29.5 

23.9 

19.3 

31.1 

30.7 

24.6 

Gas residence time(s) 

5.6 

8.2 

11.9 

2.6 

3.7 

6.8 

Composition of gaseous products (vol.% db) 

h 2 

10.1 

13.4 

13.8 

14.2 

18.1 

21.0 

ch 4 

19.8 

16.8 

17.2 

16.2 

16.0 

16.0 

c 2 h 2 , c 2 h 4 

6.5 

6.2 

6.2 

6.5 

6.2 

4.4 

C 2 H 6 

2.3 

1.5 

1.3 

1.0 

0.4 

0.2 

Butane 

0.3 

0.3 

0.1 

0.2 

n.d." 

n.d." 

Pentane 

0.1 

0.1 

0.1 

n.d." 

n.d." 

n.d." 

Benzene 

0.4 

0.4 

0.5 

0.3 

0.3 

0.4 

Toluene 

0.1 

0.1 

0.2 

0.1 

0.1 

n.d." 

n 

o 

13.4 

9.4 

9.5 

8.9 

8.1 

8.2 

CO 

47.0 

51.8 

51.2 

52.6 

50.8 

49.8 


“ Not detected 
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by rapid pyrolysis contains a fraction that can be 
volatilized further by slow pyrolysis. Thus pyrolysis 
proceeds in two steps: an initial fast step followed by a 
slower step including some chemical rearrangement of 
the char. The results suggest that the primary pyrolysis 
reactions in the rapid pyrolysis of wood are completed 
within seconds. The secondary reactions take minutes to 
be completed. The residence time of the wood particles in 
the free-fall reactor is not sufficient for final pyrolysis. 
Pyrolysis is completed in the further slow heating in the 
thermobalance. The fraction of char removed by the final 
slow pyrolysis is greater than for char samples from 
biomass than from coal 9 . 
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